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QCD Physics at the Fermilab Tevatron
• T h e  F e r m i l a b  T e v a t r o n  C o l l i d e r s e r v e s  a s  a n  a r e n a  f o r  
p r e c i s i o n  t e s t s  o f  Q C D  w i t h  p h o t o n s ,  W / Z ’ s ,  a n d  j e t s
– H i g h e s t  Q 2 s c a l e s  c u r r e n t l y  a c h i e v a b l e  ( s e a r c h e s  f o r  n e w
p h y s i c s  a t  s m a l l  d i s t a n c e  s c a l e s )

– S e n s i t i v i t y  t o p a r t o n d i s t r i b u t i o n s  o v e r  b r o a d k i n e m a t i c r a n g e
• D a t a  a r e  c o m p a r e d  t o  a  v a r i e t y  o f  Q C D  c a l c u l a t i o n s  ( N L O ,  
r e s u m m e d ,  l e a d i n g  l o g  M o n t e  C a r l o … )

• D y n a m i c s  o f  a n y  n e w  p h y s i c s  w i l l  b e  f r o m  Q C D ;  
b a c k g r o u n d s  t o  a n y  n e w  p h y s i c s  w i l l  b e  f r o m  Q C D  
p r o c e s s e s !
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QCD Physics at the Fermilab Tevatron
• O v e r a l l ,  C D F  a n d  D 0  d a t a  a g r e e  w e l l  w i t h  N L O  Q C D
• S o m e  p u z z l e s  h a v e  b e e n  r e s o l v e d :

– W  +  j e t s :   σ( W  +  ≥ 1  j e t )  /  σ( W )  r a t i o
• S o m e  p u z z l e s  r e m a i n :

– J e t  e xc e s s  a t  h i g h  E T ( a n d  h i g h  m a s s )
– 6 3 0  G e V  j e t  c r o s s  s e c t i o n  a n d xT s c a l i n g
– H e a v y  f l a v o r  c r o s s  s e c t i o n s  ( s e e  C .  P a u s t a l k)
– C o m p a r i s o n  o f  kT i n c l u s i v e  j e t  c r o s s  s e c t i o n  a n d  N L O  t h e o r y

• I m p r o v e d  t h e o r e t i c a l  p r e d i c t i o n s  a r e  b e i n g  d e v e l o p e d :
– I n c l u s i v e  p h o t o n  c r o s s  s e c t i o n

• A n d  s e a r c h e s  s t i l l  c o n t i n u e :
– B F K L  e f f e c t s
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CDF Photons in Run 1B

• D e v i a t i o n s  f r o m  N L O  Q C D  
p r e d i c t i o n s  a r e  o b s e r v e d  a t  
t w o  d i f f e r e n t  c e n t e r  o f  m a s s  
e n e r g i e s :  1 8 0 0  G e V a n d  
6 3 0  G e V
– s t e e pe r  s l o pe  a t  l o w pT
– n o r m a l i z a t i o n  pr o b l e m  a t  

h i g h  pT ( 1 8 0 0  G e V )

Inclusive photon cross section

1 8 0 0  G e V

6 3 0  G e V

D a t a : P h y s .  R e v .  D  6 5  1 1 2 0 0 3  ( 2 0 0 2 )
Th e o r y : P h y s .  R e v .  L e t t .  7 3 ,  3 8 8  ( 1 9 9 4 )

N u c l .  P h y s .  B 4 5 3 ,  3 3 4  ( 1 9 9 5 )
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CDF Photons in Run 1B

• C D F ’ s r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h o s e  f r o m  D 0  a n d  U A 2 :

D0

Ph y s.  R ev .  L ett.  8 4 , 27 8 6  ( 2000) Ph y s.  L ett.  B  26 3 , 54 4  ( 1 9 9 1 )

U A 2
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CDF Photons in Run 1B

• W h a t  i s  t h e  c a u s e ?  O n e  p o s s i b i l i t y  i s  t h e  e f f e c t  o f  s o f t  g l u o n  i n i t i a l  
s t a t e  r a d i a t i o n .  S ee kT Ef f ec ts i n  D i rec t-Ph o to n  Pro du c ti o n , PR D  5 9  07 4 007  ( 1 9 9 9 )

CDF 1800 G e V CDF 6 3 0 G e V
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CDF Run 2 Inclusive Photon Production

• C D F  R u n  2  d a t a  ( A u g  2 0 0 1  – F e b  2 0 0 2 )  8  p b -1

Inclusive photon trigger:
• ET >  2 5  G e V
• |η| <  3 . 6
• I s o l a t e d  e n e r g y  i n
c a l o r i m e t e r
• H a d / EM  r e q u i r e m e n t
• R e q u i r e  c e n t r a l  s t r i p
c h a m b e r  ( C ES )  f o r
|η| <  1 . 0

O f f line selection:
• R e q u i r e  |η| <  1 . 0
• T r a c k i n g  i s o l a t i o n
• A d d i t i o n a l  q u a l i t y
r e q u i r e m e n t s

f ro m tri g g er

w /  o f f l i n e
sel ec ti o n
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CDF Run 2 Di p h o t o n P r o d uc t i o n

Diphoton pr od u c tion is
inte r e s ting  b oth f or  te s ts  of
Q C D a nd  s e a r c he s  f or
ne w  phe nom e na !  

Dom ina nt m e c ha nis m  a t l ow  
m a s s  is  g g s c a tte r ing ;  q q a t 
hig he r  m a s s e s

The d i p ho t o n m a s s  r ea c h
f o r  R u n  2  ex t en d s  o u t  t o
n ea r l y  6 0 0 G eV / c 2
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• D a t a  S a m p l e s :
– Ru n  1 A (1 992-93 )

CD F :  1 9. 5  ±  0. 7  p b -1
– Ru n  1 B  (1 994 -95 )

CD F :  8 7  ±  9 p b -1     D 0:  92 ±  6  p b -1 
• E v e n t  a n d  J e t  S e l e c t i o n :

– C o n e  a l g o r i t h m  ( R  =  0 . 7 )  f o r  j e t
r e c o n s t r u c t i o n
• | z v e r t |  <  5 0 c m (D 0) , <  6 0 c m (CD F )
• El i mi n ate ev en ts w i th  l arg e mi ssi n g  ET(D 0 an d CD F )
• En erg y  ti mi n g  (CD F )
• J et q u al i ty  c u ts (D 0)

– U n c e r t a i n t y  ~ 0 . 5 %  ( C D F ) ;  ~ 1 %  ( D 0 )

I n  R u n  1 ,  C D F  o b s e r v e s  a n  e x c e s s  i n  t h e
j e t  c r o s s  s e c t i o n  a t  l a r g e  j e t  E T ,  o u t s i d e  t h e  
r a n g e  o f  t h e  t h e o r e t i c a l  u n c e r t a i n t i e s

Inclusive Jet Cross Section at the Tevatron

• B o t h  e x p e r i m e n t s  c o m p a r e  t o  
N L O  Q C D  c a l c u l a t i o n s
– D 0:  J ET RAD , mo di f i ed S n o w mass 

c l u steri n g  (Rsep=1 . 3 ,  µF=µR=E T m a x / 2 )
– CD F :  EK S , S n o w mass c l u steri n g  

(Rsep=1 . 3 , µF=µR=ETj e t / 2)

C D F :  P RD  6 4 ,  0 3 2 0 0 1  (2 0 0 1 ) ,  D 0 :  P RL  8 2 ,  2 4 5 1  (1 9 9 9 )
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Inclusive Jet Cross Section at the Tevatron

Tevatron jets and the high-x  gl u on
• B e s t  f i t  t o  C D F  a n d  D 0  c e n t r a l  j e t  c r o s s  s e c t i o n s  p r o v i d e d  b y  C T E Q 5 H J  P D F s
• B u t  t h i s  i s  n o t  t h e  c e n t r a l  f i t  – e x t r a  w e i g h t  g i v e n  t o  h i g h  E T d a t a  p o i n t s .

T h e  c e n t r a l  f i t  f o r  C T E Q 6  i s  m o r e  “ H J ” -l i k e ,  b u t …W e  n e e d  a  m o r e  p o w e r f u l  d a t a  s a m p l e !
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Inclusive Jet Cross Section at the Tevatron

Jets at 630 GeV
• J e t  m e a s u r e m e n t s  a t  6 3 0  G e V  

d o n ’ t  a g r e e  w e l l  w i t h  N L O  Q C D  
p r e d i c t i o n s !
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Inclusive Jet Cross Section at the Tevatron
xT s c a l i n g
• xT s c a l i n g  r a t i o  o f  1 8 0 0  t o  6 3 0  G e V  j e t  c r o s s  s e c t i o n s  d o e s n ’ t  a g r e e  

w i t h  N L O  Q C D  e i t h e r …

• D 0  s e e s  a  s i m i l a r  d i s a g r e e m e n t  
( b u t  d i f f e r e n t  b e h a v i o r  a t  l o w  E T? )
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Jet Production in Run 2
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• M e a s u r e m e n t s  i n  R u n  2  w i l l  e x t e n d  t o  f o r w a r d  r e g i o n s !
It’s crucial to measure jet cross sections over a large rapidity  range

Jet Production in Run 2
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(Raw ET v al u e s ! )

First Look at Run 2 Jet Data
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ETj e t 1 =  1 5 4  G e V
ETj e t 2 =  1 4 7  G e V

Raw jet ET ! !

First Look at Run 2 Jet Data

A Run 2 Dijet Event…  both jets in plug calorimeter
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CDF Three-J et  P ro d u c t i o n  Cro s s  S ec t i o n

• F e a t u r e s  o f  C D F  R u n  1 B  i n c l u s i v e  t h r e e -j e t  e v e n t s  a r e  c o m p a r e d  t o  
N L O  Q C D  p r e d i c t i o n s  ( K i l g o r e  &  G i e l e ,  h e p -p h / 0 0 0 9 1 9 3 )

T h e s e  a r e  t h e  f i r s t  c o m p a r i s o n s  o f  3 -j e t  p r o d u c t i o n  t o
a  N L O  Q C D  p r e d i c t i o n  a t  a  h a d r o n  c o l l i d e r !

• Event selection
– C a l o r i m e t e r  c l u s t e r s  a r e  r e c o n s t r u c t e d  a s  j e t s  u s i n g  t h e  C D F  c o n e  

a l g o r i t h m  w i t h  r a d i u s  R =  0 .7 .
– Ev e n t s  w i t h  ≥ 3  j e t s  t h a t  p a s s  t h e  ΣET >  1 7 5  G e V  t r i g g e r  a r e  b o o s t e d  i n t o  t h e  3 -j e t  r e s t  f r a m e .  T h e  e n e r g i e s  o f  t h e  3  l e a d i n g  j e t s  a r e  

c o r r e c t e d , u n s m e a r e d ,  a n d  n u m b e r e d  s u c h  t h a t  E3 > E4  > E5.
– Re q u i r e ETj e t >  2 0  G e V ,  | η |  ≤ 2 .0 ,  ΣET3 j e t s >  3 2 0  G e V ,  c o n e  s e p a r a t i o n  

∆R >  1 .0 ,  r e m o v e  a n d  c o r r e c t  f o r  m u l t i p l e  i n t e r a c t i o n s ,  a p p l y  o t h e r d a t a  
q u a l i t y  c u t s .

– C o n s t r u c t  m a s s  m 3 j e t o f  t h e  s y s t e m  a n d D a l i t z v a r i a b l e s Xi =   2 Ei /  m 3 j e t  f o r  t h e  j e t s .
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CDF Three-J et  P ro d u c t i o n  Cro s s  S ec t i o n

• B i n  t h e D a l i t z p l a n e  i n  u n i t s  o f  0 . 0 2  × 0 . 0 2  a n d  p l o t  t h e  d a t a .
• A p p l y  N L O  c a l c u l a t i o n  t o  p r e d i c t  t h e  i n c l u s i v e  3 -j e t  c r o s s  s e c t i o n  

v e r s u s  X 3 a n d  X 4 ;  c o n v e r t  t o  p r e d i c t e d  n u m b e r  o f  e v e n t s  a t  C D F  l u m i n o s i t y ;  b i n  i n D a l i t z p l a n e .

C D F  D a t a N L O  Q C D
CTEQ3, αs= 0 . 1 1 6 0
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CDF Three-J et  P ro d u c t i o n  Cro s s  S ec t i o n

The measured total 3-j et p roduc ti on  c ross sec ti on ,  usi n g  the f ull
k i n emati c ally allow ed D ali tz p lan e:

CDF

466 ± 2(stat) + 206 (sy st) p b71−

Consistent with NLO QCD
402 ± 3 pb
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• J e t  e v e n t s  a t  t h e  T e v a t r o n  
c o n s i s t  o f :  
– 2-> 2 h a r d  s c a t t e r
– i n i t i a l  a n d  f i n a l  s t a t e  r a d i a t i o n
– s e m i -h a r d  s c a t t e r s  ( m u l t i p l e  

p a r t o n s c a t t e r i n g )
– b e a m -b e a m  r e m n a n t  i n t e r a c t i o n s

U n d e r l y i n g  e v e n t  e n e r g y  ( m u l t i p l e  p a r t o n
s c a t t e r i n g ,  b e a m -b e a m  r e m n a n t s ,  a n d
( p a r t  o f ) i n i t i a l  a n d  f i n a l  s t a t e  r a d i a t i o n ) m u s t
b e  s u b t r a c t e d  f r o m  j e t  e n e r g i e s  f o r  c o m p a r i s o n  
o f  j e t  c r o s s  s e c t i o n s  t o  N L O  Q C D  p r e d i c t i o n s
( l a r g e s t  u n c e r t a i n t y  f o r  l o w  E T)
I n t e r e s t i n g  i n t e r f a c e  b e t w e e n  p e r t u r b a t i v e  
a n d  n o n -p e r t u r b a t i v e p h y s i c s !

 

Proton A nti Proton 

PT(hard) 

Outgoing Parton 

Outgoing Parton 

U nd e rl y ing E v e nt U nd e rl y ing E v e nt 

I nitial -S tate  R ad iation 

F inal -S tate  
R ad iation 

Underlying Event Studies at CDF
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Underlying Event Studies at CDF
• C o m p l e m e n t a r y  a n a l y s e s :u

First e x a m in e s j e t e v e n t stru c tu re  
f ro m  1  G e V  to  5 0  G e V  l o o k in g  a t 
towards,  away a n d  tran sv e rse
re g io n s in  ph i f o r c e n tra l ra pid itie su
S e c o n d e x a m in e s j e t e v e n ts o v e r 
th e  ra n g e   f ro m  5 0  G e V  to  ~ 3 0 0  
G e V  l o o k in g  in  2  c o n e s a t sa m e  η
a s l e a d  j e t a n d  a t ± 9 0  d e g re e s in  
ph i a w a y ,  a g a in  in  th e  c e n tra l  
re g io n�
B o th a n a l y se s u se  c h a rg e d  tra c k  
in f o rm a tio n  ( ΣpTtracks)  a n d  c o m pa re  th e ir re su l ts to  pre d ic tio n s f ro m  
l e a d in g  l o g  M o n te  C a rl o  pro g ra m s
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"Transverse" Nchg versus PT(charged jet#1)
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CTEQ3L CTEQ4 L CTEQ5 L CD F  M i n - B i a s CD F  J ET2 0

CDF
data uncorrected
th eory  corrected

1 . 8  T e V  | η | < 1 . 0  P T > 0 . 5  G e V / c   

P y t h i a  6 . 2 0 6  ( d e f a u l t )
M S T P ( 8 2 ) = 1

P A R P ( 8 1 )  =  1 . 9  G e V / c

Default parameters give inadequate 
desc riptio n o f th e “ underly ing event” !

Plot shows the mean number of charged tracks in the “ T ransv erse”  region
v ersus PT ( leading j et) ,  comp ared to the Q C D  hard scattering p redictions of PY T H I A  6 . 2 0 6 ( PT ( hard)  >  0 )  using the default p arameters for multip le p arton interactions and C T E Q 3 L ,  C T E Q 4 L ,  and C T E Q 5 L .

Underlying Event Studies at CDF
• P Y T H I A  6 . 2 0 6  D e f a u l t s
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Plot shows the mean number of charged tracks in the “ T ransv erse”  region
v ersus PT ( leading j et) ,  comp ared to the Q C D  hard scattering p redictions of two tuned v ersions of PY T H I A  6 . 2 0 6 ( PT ( hard)  >  0 ,  C T E Q 5 L ) .

Underlying Event Studies at CDF
• T u n e d P Y T H I A  6 . 2 0 6

"Transverse" Nchg versus PT(charged jet#1)
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in CDF
data uncorrected
th eory  corrected

1.8 TeV |η|< 1.0  P T > 0 .5  G eV  CTEQ5L

T u n e d  P Y T H I A  6 . 206
P A R P ( 6 7 ) = 1

T u n e d  P Y T H I A  6 . 206
P A R P ( 6 7 ) = 4

Good agreement between CDF data 
and tu ned P Y T H I A  6 . 2 0 6
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Underlying Event Studies at CDF
Max/Min 90o C o ne s
• O f  t h e  2  c o n e s  a t  9 0 o ,  d e f i n e  t h e  

o n e  w i t h  t h e  g r e a t e r  e n e r g y  a s  max
a n d  t h e  l e s s e r  a s  mi n

• M ax c o n e  i n c r e a s e s  a s  l e a d  j e t  E Ti n c r e a s e s ;  mi n c o n e  s t a y s  c o n s t a n t  
a t  a  l e v e l  s i m i l a r  t o  t h a t  f o u n d  i n  
m i n i m u m  b i a s  e v e n t s  a t  1 8 0 0  G e V

• H E R W I G  a g r e e s  w e l l  w i t h  t h e  d a t a  
w i t h o u t  a n y  t u n i n g

• P Y T H I A  p a r a m e t e r s  c a n  b e  t u n e d  
t o  g i v e  a  b e t t e r  f i t  t o  j e t  a n d  m i n  
b i a s  d a t a  a t  1 8 0 0 G e V

pt0 (  reg u l ari z ati o n  sc al e f o r mu l ti pl e parto n  sc atteri n g )

V ary i n g  i mpac t parameters o pti o n  f o r u n derl y i n g  ev en t g en erati o n

H a r d e r  e v e n t s
↓

s m a l l e r  i m p a c t  
p a r a m e t e r
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CDF Run 2 Jet Shape Analysis

• S e l e c t  i n c l u s i v e  d i j e t e v e n t s  
u s i n g  a  c o n e  a l g o r i t h m  w i t h  
r a d i u s
R  =  0 . 7

• D e f i n e  Ψ( r )  a s  t h e  f r a c t i o n  
o f  t h e  j e t ’ s  E T i n s i d e  a n  i n n e r  c o n e  o f  r a d i u s  r  <  R

• B y  d e f i n i t i o n , Ψ ( r = R )  = 1

J e t  S h a p e  A n a l y s i s  – M e t h o d
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• M e a s u r e m e n t s  o v e r  w i d e  
r a n g e  o f  j e t  E T a n d η
• 3 0  G e V  <  E T <  1 3 5  G e V
• 0 . 1 <  | η |  <  2 . 3

• M e a s u r e m e n t s  a t  t h e  
c a l o r i m e t e r  l e v e l

C o m p a r i s o n  t o  H E R W I G  +
C D F  d e t e c t o r  s i m u l a t i o n

� H E R W I G  p r e d i c t s  j e t s  t h a t  
a r e  t o o  n a r r o w  a t  l o w  E Ta n d  h i g h η → u n d e r l y i n g  
e v e n t

CDF Run 2 Jet Shape Analysis
Measured integrated jet shapes
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• M e a s u r e m e n t  
p e r f o r m e d  f o r  c e n t r a l  
j e t s  w i t h  g o o d  C e n t r a l  
O u t e r  T r a c k e r  ( C O T )  
c o v e r a g e

• Ex c e l l e n t  a g r e e m e n t  
b e t w e e n  c a l o r i m e t e r  
a n d  t r a c k i n g  
m e a s u r e m e n t s

• H ER W I G  s l i g h t l y  
n a r r o w e r  t h a n  t h e  d a t a   
f o r  l o w -ET j e t s

CDF Run 2 Jet Shape Analysis
Jet shapes measured with 
c al o rimeter v s.  trac k s

S imil ar measuremen ts n eeded f o r b -q uark  tag g ed j ets
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• R e c e n t  R u n  1  m e a s u r e m e n t s  o f  i n c l u s i v e  p h o t o n  p r o d u c t i o n  i n d i c a t e  
d i s c r e p a n c i e s  w i t h  N L O  Q C D .   A  l a r g e r  d a t a  s a m p l e  i s  n e e d e d !

• T h e  R u n  2  i n c l u s i v e  j e t  c r o s s  s e c t i o n ,  e x t e n d i n g  b e y o n d  6 0 0  G e V , i s  
e x p e c t e d  t o  s e t t l e  t h e  i s s u e  o f  t h e  h i g h -x  e x c e s s  s e e n  i n  R u n  1  d a t a .   
I s  t h e  h i g h -x  g l u o n  d i s t r i b u t i o n  r e s p o n s i b l e ?

• N e w  m e a s u r e m e n t s  o f  3 -j e t  p r o d u c t i o n  a t  C D F  c o m p a r e  w e l l  t o  N L O  
Q C D  p r e d i c t i o n s .

• S t u d i e s  o f  t h e  u n d e r l y i n g  e v e n t  a t  C D F  h a v e  r e v e a l e d  i n a d e q u a c i e s  
o f  s o m e  M o n t e  C a r l o  g e n e r a t o r s  a n d  h a v e  l e d  t o  i m p r o v e d  t u n i n g .

• N e w  m e a s u r e m e n t s  o f  j e t  s h a p e s  i n  R u n  2  d i j e t  e v e n t s  g e n e r a l l y  
a g r e e  w e l l  w i t h  p r e d i c t i o n s  o f  H E R W I G  +  d e t e c t o r  s i m u l a t i o n .

Photon and Jet Physics at CDF
Summary

R un  2  an al ys e s  o f  p h o t o n s  an d  j e t s  
at  C D F  are  w e l l  un d e rw ay!


